With the first direct detection of merging black holes in 2015, the era of gravitational wave (GW) astrophysics began. A complete picture of compact object mergers, however, requires the detection of an electromagnetic (EM) counterpart. We report ultraviolet (UV) and x-ray observations by Swift and the Nuclear Spectroscopic Telescope Array of the EM counter part of the binary neutron star merger GW170817. The bright, rapidly fading UV emission indicates a high mass (≈0.03 solar masses) wind-driven outflow with moderate electron fraction (Y e ≈ 0.27). Combined with the x-ray limits, we favor an observer viewing angle of ≈30°away from the orbital rotation axis, which avoids both obscuration from the heaviest elements in the orbital plane and a direct view of any ultrarelativistic, highly collimated ejecta (a g-ray burst afterglow). A t 12:41:04.45 on 17 August 2017 (universal time is used throughout this work), the Laser Interferometer Gravitational-Wave Observatory (LIGO) and Virgo Consortium (LVC) registered a strong gravitational wave (GW) signal (LVC trigger G298048) (1), later named GW 170817 (2) . Unlike previous GW sources reported by LIGO, which involved only black holes (3), the gravitational strain waveforms indicated a merger of two neutron stars. Binary neutron star mergers have long been considered a promising candidate for the detection of an electromagnetic counterpart associated with a GW source.
Two seconds later, the Gamma-Ray Burst Monitor (GBM) on the Fermi spacecraft triggered on a short (duration, ≈2 s) g-ray signal consistent with the GW localization, GRB 170817A (4, 5) . The location of the Swift satellite (6) in its low-Earth orbit meant that the GW and g-ray burst (GRB) localizations were occulted by Earth (7) and so not visible to its Burst Alert Telescope. These discoveries triggered a worldwide effort to find, localize, and characterize the EM counterpart (8) . We present ultraviolet (UV) and x-ray observations conducted as part of this campaign; companion papers describe synergistic efforts at radio (9) and optical/near-infrared (10) wavelengths.
Search for a UV and x-ray counterpart
Swift began searching for a counterpart to GW170817 with its X-Ray Telescope (XRT) and UV/Optical Telescope (UVOT) at 13:37 (time since the GW and GRB triggers, Dt = 0.039 days). At the time, the most precise localization was from the Fermi-GBM (90% containment area of 1626 deg 2 ), so we imaged a mosaic with radius~1.1°centered on the most probable GBM position. Subsequently, at 17:54 (Dt = 0.2 days) a more precise localization became available from the LIGO and Virgo GW detectors, with a 90% containment area of only 33.6 deg 2 (11) . Following the strategy outlined in (12) , Swift began a series of short (120 s) exposures centered on known galaxies in the GW localization ( Fig. 1) (7) .
No new, bright [x-ray flux (f X ) ≥ 10 −12 erg cm -2 s -1 ] x-ray sources were detected in the widearea search (XRT imaged 92% of the distanceweighted GW localization) (7) . In order to quantify the likelihood of recovering any rapidly fading x-ray emission, we simulated 10,000 short GRB afterglows based on a flux-limited sample of short GRBs (13) and randomly placed them in the threedimensional (3D) (distance plus sky position) GW localization, weighted by the GW probability. We found that in 65% of these simulations, we could recover an x-ray afterglow with our wide-area tiling observations (7) .
At 01:05 on 18 August 2017 (Dt = 0.5 days), a candidate optical counterpart, Swope Supernova Survey 17a (SSS17a) (14, 15) , was reported in the galaxy NGC 4993 [distance (d) ≈ 40 Mpc]. Ultimately, this source, which we refer to as EM 170817, was confirmed as the electromagnetic counterpart to the GW detection and the Fermi GRB (8), making it the closest known short GRB to Earth. Follow-up observations of EM 170817 (7) with Swift began at 03:34 (Dt = 0.6 days) and with the Nuclear Spectroscopic Telescope Array (NuSTAR) (16) at 05:25 (Dt = 0.7 days). In the first exposures (Dt = 0.6 days), the UVOT detected a bright fading UV source at the location of EM 170817 (Fig. 2 ). The initial magnitude was u ¼ 18:19 þ0:09 À0:08 mag (AB), but subsequent exposures revealed rapid fading at UV wavelengths. The rapid decline in the UV is in contrast to the optical and near-infrared emission, which remained flat for a much longer period of time ( Fig. 3 ) (10) .
Neither the Swift-XRT nor NuSTAR instruments detected x-ray emission at the location of EM 170817. A full listing of the Swift-XRT and NuSTAR upper limits at this location is provided in table S2.
The UV counterpart rules out an on-axis afterglow
In the standard model of GRBs (17, 18) , the prompt g-ray emission is generated by internal processes in a highly collimated, ultrarelativistic jet. As the ejecta expand and shock heat the circumburst medium, electrons are accelerated and emit a broadband synchrotron afterglow. Our UV and x-ray observations place strong constraints on the presence and/or orientation of such ejecta after GW170817.
In Fig. 4 , we plot the median and 25 to 75% distribution of short GRB afterglows (13) , scaled to the distance of NGC 4993. Although a handful of short GRBs have extremely fast-fading afterglows (19) that would have been missed by our observations, the bulk of the population would have been easily detectable (7) .
We can translate these x-ray upper limits to physical constraints by using the standard analytic afterglow formulation for synchrotron emission (7) . We found that for on-axis viewing geometries, our nondetections limit the amount of energy coupled to relativistic ejecta (E AG ) to be E AG <~10 50 erg (assuming the energy is radiated isotropically). To verify this result, we ran a series of simulations using the afterglow light curve code BOXFIT (20) . Over the range of circumburst densities and afterglow energies inferred for short GRBs (21), we calculated the x-ray flux at the time of our first NuSTAR epoch (which pro-vides the tightest constraints, given typical afterglow decay rates). The results are shown in Fig. 4 , yielding a similar constraint (<~10 50 erg) on the afterglow energy as our analytic approach. Our x-ray upper limits also help to rule out an afterglow origin for the UV emission: the opticalto-x-ray spectral index b OX ≥ 1.6 at Dt = 0.6 days is highly inconsistent with observed GRB afterglows (22) . Analysis of the UV/optical spectral energy distribution (SED) at early times (Dt ≤ 2 days) further supports this conclusion (7) . Fitting the SED with a blackbody function yields a temperature T BB (Dt = 0.06 days) = 7300 ± 200 K, and T BB (Dt = 1.0 day) = 6400 ± 200 K ( Fig. 3) . A powerlaw model, as would be expected for synchrotron afterglow radiation, provides a very poor fit to the data (7) . We therefore conclude that the observed UV counterpart must arise from a different physical process than an on-axis GRB afterglow.
Given the apparent absence of energetic, ultrarelativistic material along the line of sight, the detection of a short GRB is somewhat puzzling. The isotropic g-ray energy release of GRB 170817A, E g,iso = (3.08 ± 0.72) × 10 46 erg, is several orders of magnitude below any known short GRB (23) . But even by using the observed correlation (13) between E g,iso and x-ray afterglow luminosity, the predicted x-ray flux at Dt = 0.06 days is still above our Swift and NuSTAR upper limits.
This requires an alternative explanation for the observed g-ray emission, such as a (typical) short GRB viewed (slightly) off-axis, or the emission from a cocoon formed by the interaction of a jet with the merger ejecta (24) (25) (26) . We return to this issue below in the context of late-time (Dt >~10 days) x-ray emission (9, 10) .
Implications of the early UV emission
Although inconsistent with ultrarelativistic ejecta (such as a GRB afterglow), our UVOT observations nonetheless imply an ejecta velocity that is a substantial fraction of the speed of light (c). If we convert the effective radii derived in our SED fits ( Fig. 3 ) to average velocities, v ≡ R BB =Dt (R BB is the radius of the emitting photosphere, Dt is the time delay between the trigger and the SED), we find that v (Dt = 0.06 days) ≈ 0.3c, and v (Dt = 1.0 day) ≈ 0.2c (27, 28) . UVOT fields are colocated with a field of view 60% of the XRT. The location of the counterpart, EM 170817, is marked with a large yellow cross. The early 37-point mosaic can be seen, centered on the GBM probability. The widely scattered points are from the first uploaded observing plan, which was based on the single-detector GW skymap. The final observed plan was based on the first three-detector map (11) ; however, we show here the higher-quality map (52) so that our coverage can be compared with the final probability map [which was not available at the time of our planning (7)]. much larger than seen in even the fastest known supernova explosions (29) . Similarly, the rapid cooling of the ejecta, resulting in extremely red colors at Dt ≥ 1 day ( Fig. 3) , is unlike the evolution of any common class of extragalactic transient (30) . Both of these properties are broadly consistent with theoretical predictions for electromagnetic counterparts to binary neutron star mergers known as kilonovae (sometimes called macronovae or mini supernovae) (31, 32) . Numerical simulations of binary neutron star mergers imply that these systems can eject~10 −3 to 10 −2 solar masses (M ⊙ ) of material with velocity (v)0 .1 to 0.2c, either via tidal stripping and hydrodynamics at the moment of contact [hereafter referred to as dynamical ejecta (33)] or by a variety of processes after the merger, which include vis-cous, magnetic, or neutrino-driven outflows from a hypermassive neutron star (if this is at least the temporary postmerger remnant) and accretion disc (34) (35) (36) (37) . All of these postmerger outflows are expected to have a less neutron-rich composition than the dynamical ejecta, and in this study, we use the general term "winds" to refer to them collectively.
Next, we examined the implications of the relatively bright UV emission at early times. Such UV emission is not a generic prediction of all kilonova models; large opacity in the ejecta owing to numerous atomic transitions of lanthanide elements can suppress UV emission, even at early times (38, 39) . This is particularly true for the dynamical ejecta, in which a large fraction of the matter is thought to be neutron-rich [electron fraction (Y e ) ≤ 0.2] and so produces high-atomic number elements (with~126 neutrons) via rapid neutron capture [the r-process (40)].
In contrast to the dynamical ejecta, a wind can have a substantially larger electron fraction, particularly if irradiated by neutrinos. Y e values of 0.2 have been inferred from accretion discs around rapidly spinning black holes (41) , whereas a long-lived hypermassive neutron star may increase the neutrino flux even further (Y e~0 .3) (35) . As a result of these large electron fractions, nucleosynthesis is expected to stop at the second or even first r-process peak (elements with 82 or 50 neutrons respectively), resulting in few (if any) lanthanide elements and a dramatically reduced opacity.
Our x-ray nondetections place limits on the presence of a long-lived hypermassive neutron Overplotted are the best-fitting kilonova models (colored lines), in which the wind ejecta have mass 0.03 M ⊙ and velocity 0.08c, whereas the dynamical ejecta have mass 0.013 M ⊙ and velocity 0.3c (7) . The red triangle in (C) is a 3s upper limit. star (7) . In particular, we can rule out any plausible neutron star remnant with a strong magnetic field that lived past the time of our first Swift and NuSTAR observations (which would effectively be a stable remnant, given the viscous time scale of the accretion disc). Nonetheless, a short-lived or low-magnetic field hypermassive neutron star or a rapidly spinning black hole would both be consistent with our results.
To investigate the plausibility of a wind origin for the early UV emission, we have produced a series of 2D models, varying the ejecta properties (mass, velocity, and composition) (7, 42) . We assume that the tidal ejecta are more neutron-rich (Y e ≈ 0.04) than the wind ejecta (Y e ≈ 0.27 to 0.37) and produce a sizable fraction of lanthanides that obscure the optical and UV emission. The spatial distribution of this high-opacity ejecta is based on merger models (43) . Obscuration by the disc formed from this high-opacity material causes a viewing-angle effect (42) .
In order to reproduce the early UV emission, we require models with a wind ejecta mass >~0.03 M ⊙ . Furthermore, a modest electron fraction (Y e ≈ 0.27), with substantial amounts of elements from the first r-process peak, is strongly favored over larger Y e ejecta (Y e ≈ 0.37, corresponding to mostly Fepeak elements).
The presence of bright UV emission strongly constrains the observer viewing angle of the binary neutron star merger. Sight lines in the plane of the merger are expected to exhibit dramatically reduced UV emission because of the presence of the Lanthanide-rich dynamical ejecta. For a wind mass (M wind ) ≈ 0.03 M ⊙ , a viewing angle of q obs <~30°with respect to the rotation axis is preferred. Orientations up to~40°can be accommodated with M wind ≈ 0.1 M ⊙ ; at larger viewing angles, the wind ejecta mass becomes unphysically large.
Although the wind component can provide a good fit to the UV emission, on its own it underpredicts the observed optical/near-infrared flux at this time. Adding dynamical ejecta with M dyn ≈ 0.01 M ⊙ and v ≈ 0.3c can provide a reasonable fit to the early SEDs (Fig. 3 ). However, we emphasize that the properties of the dynamical ejecta are only poorly constrained at early times; analysis of the full optical/near-infrared light curve is necessary for accurate constraints on the Lanthaniderich material (10) .
Although much of the g-ray emission generated during the r-process is reradiated at optical/ near-infrared wavelengths, it may also be possible to directly observe emission lines from b-decay in the NuSTAR bandpass. We have calculated the expected signal from 10 to 100 keV for a range of ejecta masses, and it is well below the NuSTAR limits for GW170817 (7) .
The above modeling of the kilonova emission assumes that the merger ejecta is unaffected by any energetic jet (or that no such jet is formed). For jets with a narrow opening angle (q jet < 10°), numerical simulations (24) have shown that any such jet-ejecta interaction will have negligible effects on the observed light curves on the time scales probed by our observations. However, if the jet opening angle were sufficiently large, the energy from this jet (and the resulting cocoon) may accelerate material in the merger ejecta to mildly relativistic velocities. Numerical simulations in our companion paper (10) offer some support for this scenario, providing a reasonable fit to the temperature and bolometric luminosity evolution of EM 170817. However, they lack the detailed radiation transport calculations presented here.
Late-time x-ray emission: Off-axis jet or cocoon
Although no x-ray emission at the location of EM 170817 was detected by Swift or NuSTAR, a faint x-ray source was detected by Chandra at Dt ≈ 9 days (44), although the flux was not initially reported. Subsequent Chandra observations at Dt ≈ 15 days reported luminosity (L X ) ≈ 9 × 10 38 erg s -1 (45, 46) . A variety of models predict long-lived x-ray emission at a level >~10 40 erg s -1 after the merger of two neutron stars. For example, (quasi-)isotropic x-ray emis-sion may be expected because of prolonged accretion onto a black hole remnant, or from the spin-down power of a long-lived hypermassive neutron star. These models are not consistent with the Swift or NuSTAR limits or the Chandra flux (7) , suggesting that if a magnetar formed after the merger event, it collapsed to a black hole before our first x-ray observation (within 0.6 days of formation).
A possible explanation for the late-time x-ray emission is an off-axis (orphan) afterglow (47) . If the binary neutron star merger produces a collimated, ultrarelativistic jet, initially no emission will be visible to observers outside the jet opening angle. As the outflow decelerates, the relativistic beaming becomes weaker, and the jet spreads laterally, illuminating an increasing fraction of the sky. Off-axis observers can expect to see rising emission until the full extent of the jet is visible, at which point the decay will appear similar to that measured by on-axis observers. Simulations of such events showed that starting a few days after the merger, off-axis afterglows Here, E AG = 2 × 10 51 erg, n 0 = 5 × 10 −3 cm -3 , and q jet = 0.2 rad; the true values of these parameters are uncertain and vary between GRBs (20) . Curves are shown for a range of viewing angles, with the Swift-XRT and NuSTAR limits marked. An off-axis orientation of ≈30°is consistent with both the early Swift-XRT and NuSTAR limits and the recently reported Chandra detection (44) . The anticipated peak time will occur when Swift and Chandra cannot observe the field because of proximity to the Sun.
Swift Sun Constraint
Time since trigger (d) represent the dominant population of GW counterparts detectable by Swift (48) .
We ran a series of simulations using the BOXFIT code (20) to use our x-ray limits and the reported Chandra detections to constrain the orientation of GW170817 (7) . For the median values of short GRB afterglow energy (E AG = 2 × 10 51 erg), circumburst density (n 0 = 5 × 10 −3 cm -3 ), and jet opening angle [q jet = 0.2 rad (12°)] (21), the resulting light curves are plotted in Fig. 5 . With the Swift and NuSTAR nondetections, these models rule out any viewing angle with q obs <~20°. Assuming the emission reported by Chandra results from an orphan afterglow, we infer q obs ≈ 30°.
This inferred orientation is entirely consistent with the results of our analysis of the early UV emission. However, it is difficult to simultaneously explain the observed g-ray emission in this scenario because it would require a viewing angle only slightly outside the jet edge (10) . Either the observed GRB 170817A is powered by a source distinct from this jet, or we are forced to disfavor an orphan afterglow model for the late-time x-ray emission.
Alternatively, delayed x-ray emission may result if the initial outflow speed is mildly relativistic, as would be expected from models in which propagation in the merger ejecta forms a hot cocoon around the jet (24) . In this case, the rise is dictated by the time necessary for the cocoon to sweep up enough material in the circumburst medium to radiate efficiently; this in turn depends on the energy carried by the expanding cocoon, its bulk Lorentz factor, and the circumburst density. Shown in Fig. 6 are x-ray light curves predicted by this model for a range of plausible values of these parameters, along with the x-ray limits from NuSTAR and Swift-XRT and the Chandra detection (45, 46) . The latest NuSTAR datapoint disfavors energetic cocoon models, particularly those at high density. But lower-energy or -density models can fit all the x-ray data while simultaneously accounting for the g-ray emission (10) .
Our inferences regarding the origin of the latetime x-ray emission are broadly consistent with the conclusions reached in our companion radio paper (9) . Both an orphan afterglow and a mildly relativistic cocoon model make specific predictions for the evolution of the broadband flux over the upcoming months after the merger (Figs. 5 and 6) (9).
Conclusions
The discovery of a short GRB simultaneous with a GW binary neutron star merger represents the start of a new era of multimessenger astronomy. It confirms that binary neutron star mergers can generate short g-ray transients (49), although the connection to classical short GRBs remains unclear. Furthermore, GW170817 provides robust evidence that r-process nucleosynthesis occurs in the aftermath of a binary neutron star merger (10) .
Although a kilonova detection after a short GRB has been previously reported (50, 51) , our multiwavelength data set has allowed us to confront kilonova models with UV and x-ray observa-tions. The absence of x-ray emission largely rules out the presence of an energetic, ultrarelativistic, and collimated outflow viewed from within the opening angle of the jet. The late-time x-ray emission is consistent with a collimated, ultrarelativistic outflow viewed at an off-axis angle of ≈30°( an orphan afterglow). A mildly relativistic outflow, as may be expected if the jet were enveloped by a hot cocoon, is also consistent with our x-ray data [and may naturally explain the peculiar properties of the g-ray emission (10) ].
The presence of bright, rapidly fading UV emission was not a generic prediction of kilonova models and requires special circumstances to avoid obscuration by the heavy elements formed in the dynamical ejecta. We found that we can reproduce the early UV and optical emission with a massive (M ≈ 0.03 M ⊙ ) and high-velocity (v ≈ 0.08c) outflow comprising moderate-Y e (first r-process peak) material at a viewing angle of ≈30°; such winds may be expected if the remnant is a relatively long-lived hypermassive neutron star or a rapidly spinning black hole. Alternatively, if the hot cocoon is able to accelerate material in the ejecta to mildly relativistic speeds, this may also be able to account for the early UV emission (10) .
